Attainment of puberty is a key developmental event influenced by genetic and environmental factors. In examining age at attainment of puberty, we observed closely related rams from the Davisdale line whose daughters differed in age at which they attained puberty. A candidate gene approach was used to identify mutations that may underlie these observed differences. Four rams with divergent phenotypes for their daughter's age at onset of puberty were selected for whole-genome sequencing. The coding regions of genes with known roles in regulating reproductive function were searched for single-nucleotide polymorphisms (SNPs) that altered the amino acid sequence of the protein. Of interest were three SNPs in the leptin receptor gene (LEPR). A Sequenom assay was developed to determine the genotype of these SNPs in daughters of 17 sons of a founding sire. A higher percentage of ewe lambs homozygous for the LEPR mutations failed to undergo puberty before 1 yr of age, and those that did undergo puberty during the first breeding season on average were approximately 17 days older than homozygous wild-type ewes. Heterozygous ewes were intermediate for both measurements. Given the predicted change in protein function produced by the mutation in LEPR and the strong associations between the genotype and onset of puberty phenotypes, we propose that this mutation in LEPR underlies the observed difference in age at onset of puberty in the Davisdale line. Furthermore, these animals will likely provide a useful model to better understand the role of leptin in the regulation of puberty.
INTRODUCTION
Mutations in single genes that have major effects on ovulation rate have been identified in multiple lines of sheep [1, 2] . Selective breeding of sheep carrying these mutations can be used to increase prolificacy in the flock. Additionally, identification of these mutations has highlighted the essential role of two oocyte-derived growth factors, namely, bone morphogenetic protein 15 (BMP15) and growth differentiation factor 9 (GDF9), in regulating ovarian follicular development, ovulation rate, and fertility [1, [3] [4] [5] . Research to better understand the role of these proteins in controlling follicular development has expanded our knowledge of the active role the oocyte has in regulating its own development and has contributed to a paradigm shift in our understanding of ovarian follicular development. However, the question remains whether mutations in single genes may also have major effects on other traits linked to reproductive efficiency.
Age at attainment of puberty is an event that contributes significantly to lifetime reproductive efficiency. Control of age at onset of puberty is known to be influenced by genetics, with moderate heritability [6, 7] . Factors such as body weight, growth, and body fat are important regulators of age at onset of puberty [8] [9] [10] [11] . Because sheep are seasonal breeders, measuring age at onset of puberty can be complex, and we have recently observed that the proportion of ewe lambs that failed to attain puberty before 1 yr of age (i.e., during their first breeding season) varied from 9% to 35%, while the average age of those ewes that did attain puberty remained relatively constant (approximately 8 mo). Furthermore, evidence of an effect of sire on age at puberty, indicative of genetic influence, was observed (S.J. Edwards, J.L. Juengel, and P.D. Johnstone, unpublished data). Of particular interest was the identification of several sires from the Davisdale line (a line of sheep carrying a putative autosomal gene increasing ovulation rate [12] ) wherein closely related sires (full-or half-siblings and sire and son pairings) showed significant differences in age at puberty of their daughters. Thus, we hypothesized that mutations in single genes could have major effect on age at onset of puberty in sheep in this line. Specific aims of this study were to determine if single-nucleotide polymorphisms (SNPs) were present in candidate genes known to influence reproductive function in this line of sheep and to determine if any of these SNPs were associated with timing of puberty onset in females.
MATERIALS AND METHODS

Animals
All experiments described herein were approved by the Invermay Agricultural Centre Animals Ethics Committee and were in accordance with the 1999 Animal Protection (Codes of Ethical Conduct) Regulations of New Zealand. Several progeny tests from the Davisdale line have been described previously [12] . Daughters from sires M-O, Q, and R with available DNA samples were used in this study. In addition, records from the daughters of an additional 12 sires were used in the analysis. These sires were all sired by B, with their dams sired by C or G. The dams of all ewes used in the analysis were not from the Davisdale line and were predominantly Romney or Romney-cross ewes. The number of daughters per sire (i.e., 17 sons of sire B) ranged from 20 to 59, with a total of 590 ewes examined. Ewes were pasture fed with free access to water and were given supplemental feed (hay or silage) if pasture was insufficient.
Determination of Age at Onset of Puberty
In addition to the recording of the dam and sire of each lamb, data collected included the date of birth, weight at birth, size of litter she was born into, size of litter she was reared in, weaning weight, and date at weaning. Age at onset of puberty was determined using crayon marking by a vasectomized ram fitted with a mating harness. Beginning in February (i.e., approximately 5 mo of age), ewe lambs were exposed to such rams. Initially, ewes were examined once weekly until the first animal was observed with a substantial mating mark. Thereafter, ewes were examined twice a week for marking, and the date the ewe was first observed with a mating mark was considered to be the date at onset of puberty. Marked ewes were removed from the group, and monitoring was continued for all unmarked ewes. Monitoring continued through the breeding season and was terminated when no new ewe lambs had been marked for at least 1 wk. This was in late July and early August, which corresponds to the end of the breeding season. Ewe lambs that had not been marked at this time were considered not to have gone through puberty during their first breeding season (i.e., by 1 yr of age). Ewe lambs were also weighed monthly during this time to monitor their growth.
Whole-Genome Sequencing and Identification of SNPs in Candidate Genes
The sires were selected for whole-genome sequencing based on the phenotype of age at puberty onset of their daughters. Analysis of data indicated that age at puberty in the daughters of two full-sibling sires (N and O) was significantly different. These two rams, their sire (B), and another son of sire B, whose daughters had an early onset of puberty, were chosen for sequencing. Several daughters of sire B, whose dams were Davisdale ewes, had also been phenotyped for age at puberty onset and had a late age at onset of puberty.
DNA from these sires was isolated from blood samples and sequenced using the Illumina HiSeq methodology by Macrogen Inc. From each of the four individuals, between 18.4 and 22.1 gigabases of sequence was generated, equating to an average genomic coverage depth of 6.1 to 7.4. The overall quality of each sequencing lane was assessed using FastQC (Babraham Institute [http://www.bioinformatics.babraham.ac.uk/projects/fastqc/]) with default settings. To improve mapping performance, low-quality bases were trimmed from the ends of reads using dynamic trimming [13] with the default settings (P ¼ 0.05 or Phred quality score of 13). Quality trimmed reads were aligned to the reference sheep genome (OAR version 3.1; GenBank Assembly ID: GCA_000298735.1) using bwa [14] with default settings. The Sequence Alignment/Map (SAM) format was changed to sorted Binary Alignment/Map (BAM) format and mpileup format using SAMtools (http://samtools. sourceforge.net/) [15] with default settings. Various features such as insert size and mapping status were interrogated using custom Python scripts. The SNPs and indels were detected using SAMtools and BCFtools (https://github. com/samtools/bcftools) [15] .
A minimum mapping quality of 30 was required, and variants with N as the reference base were ignored. The genome annotation provided by the International Sheep Genomics Consortium (http://www.livestockgenomics. csiro.au/sheep/oar3.1.php) was used to analyze specific candidate genes. This included the gene models and the alignment results of sheep/cattle/human reference sequences against OAR version 3.1. Candidate genes were chosen based on a search of literature and included genes known to be involved in the regulation of onset of puberty, controlling follicular growth or regulating growth and body composition. The Integrative Genomics Viewer (http://www. broadinstitute.org/igv/) was used to manually inspect sequence from the Davisdale sires for SNPs in the candidate genes [16] . The functional impact of each SNP allele was assessed using custom Python scripts. Features examined included whether the SNP allele caused a change in the amino acid sequence of the protein and the degree of that change. The degree of an amino acid change was assessed using the BLOSUM 62 scoring matrix (http://www.ncbi.nlm.nih. gov/Class/FieldGuide/BLOSUM62.txt), where low values indicate more drastic changes.
Determination of Genotypes
Genotypes of animals from the Davisdale flock were determined using a Sequenom MassARRAY platform (Sequenom, Inc.) with standard methods. Assay Designer version 4.0 (Sequenom, Inc.) was used to design primers for the assay (Table 1) . Two assays containing multiple primers were run, with final focus on the SNPs identified from examination of the Davisdale sequence analysis that resulted in a change in an amino acid in the protein coded by a candidate gene.
Protein Analysis
To understand how the introduced amino acid variants might affect protein function, we aligned protein sequence from various species using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) to examine sequence conservation. In obtaining sequences, it was noted that the reference sequence for the ovine leptin receptor protein (LEPR) (NP_001009763.1) was only 895 amino acids in length and thus represents the short-form rather than the fulllength LEPR. Two of the SNPs observed affected amino acids that were not in the first 895 amino acids; therefore, we extracted a full-length ovine LEPR coding sequence from OAR version 3.1 with the bovine gene as a template using GeneWise (www.ebi.ac.uk/~birney/wise2/) with default settings [17] . The amino acid changes caused by the observed SNPs were introduced, and this sequence was used for the multiple sequence alignment. The potential for the serine introduced at amino acid 1019 to alter phosphorylation was assessed by comparing potential phosphorylation sites of the wild-type protein sequence with that of the mutated sequence containing all three amino acid substitutions using the NetPhos 2.0 Server (http://www.cbs.dtu.dk/services/NetPhos/) [18] .
Statistical Analysis
Analysis of all traits included pedigree information of each animal to account for relatedness among individuals. An inverse relationship matrix, which included pedigree information with the dam and sire of each ewe, was calculated with VFPEDIGREE and VPEDIGREE implemented in GenStat release 15.1 (VSN International). In addition, given the line breeding of the sires used to generate progeny, the relatedness among sires (see diagram in the article by Juengel et al. [12] ) was also included in the pedigree information. All traits were analyzed by restricted maximum likelihood using the pedigree information as a random factor and genotype as a fixed effect. For analysis of puberty, the effects of genotype on the proportion of animals that were categorized into two groups of those that achieved puberty before 1 yr of age and those that did not were determined. For the subgroup that achieved puberty, the age when they achieved puberty was also compared between genotypes. For HALDAR ET AL.
analysis of weight at birth, the model also included the size of the litter the lamb was born into (birth rank) as a fixed effect. For adult weight, the birth rank, size of the litter the lamb was raised in (rearing rank), and birth weight were included in the model as fixed effects. For growth rate (birth to weaning and between weaning and May), the model included the birth weight, birth rank, and rearing rank as fixed effects. Any significant interactions were also retained in the models. Analysis of weight at birth and as an adult, as well as growth rate, was limited to the LEPR SNPs. Three animals born into litters of four or five lambs were excluded from the analysis examining associations between the LEPR SNPs and weight and growth rate because there was an insufficient number of animals in these categories. Comparisons between genotypes for each trait were made using Student t-tests. Values shown represent the adjusted means (SEMs). In order to minimize type II errors, given that the SNPs examined had been chosen on prior knowledge and were not random, the P values presented have not been corrected for testing of multiple SNPs. Estimations of P values for the effects of individual SNP on traits required to limit experiment-wide type I errors, which will have increased level of type II errors [19] , can be calculated with Bonferroni adjustment using the following formula: 1 minus (1 minus a) 1/n . This often approximated by a/n, with n being the number of tests performed. For puberty phenotypes, nine SNPs were analyzed (one LEPR SNP [SNP C] was excluded as genotype for SNP B, and SNP C was 100% linked in the animals), and for weight and growth traits, two SNPs were tested.
RESULTS
Identification of SNPs in the Coding Region of Genes of Interest
Of the more than 80 genes examined, SNPs that resulted in a change in the amino acid were confirmed in seven genes ( Table  2 ). Of particular interest were three SNPs in exons in LEPR. These three SNPs were inherited as a haplotype in the Davisdale sires. The two sires sequenced with a late-puberty phenotype were homozygous for these mutations, whereas the two sires sequenced with an early-puberty phenotype were heterozygous for the mutations. Because the father of the sires used in the progeny tests was homozygous for the mutations, all sires of the ewes phenotyped were either homozygous or heterozygous for the mutations.
The first LEPR SNP (SNP A), at position chr1:40787726 C to T, results in amino acid 62 changing from arginine to cysteine. The second LEPR SNP (SNP B), at chr1:40857869 C to T, results in a change of amino acid 1019 from proline to serine. The third LEPR SNP (SNP C), at position chr1:40858019 A to G, results in amino acid 1069 changing from lysine to glutamic acid. Using multiple sequence alignment (Fig. 1) , the arginine to cysteine substitution occurs at an amino acid that is close in position to two highly conserved cysteines. Similarly, the change for proline to serine at 1019 also occurs in a relatively conserved position (Fig. 1) , with serine not being observed in other species. Interestingly, the amino acid at position 1018 is also serine, and this amino acid is highly conserved among diverse species. The amino acid 1069 is glutamic acid in a very closely related species, the cow, as well as in most other species.
Association Between Mutations in LEPR and Puberty Traits
There was a strong association between LEPR genotype and puberty phenotypes for both SNP A (P , 0.001) and SNP B (P 0.001). Ewe lambs that were homozygous for mutations in the LEPR gene were less likely to attain puberty by 1 yr of age than ewe lambs that did not carry the mutation (Table 3) . Being heterozygous for the mutation also reduced the likelihood that the ewe lamb would attain puberty before 1 yr of age, but the effect was less than that seen with the homozygous carrier of the mutation (Table 3 ). Within the subgroup of ewes that attained puberty during their first year of life, those homozygous for the mutation were approximately 17 days older than their wild-type contemporaries, with the phenotype of heterozygous ewes being intermediate ( Table 4 ). The SNPs in most of the other genes were not significantly (P . 0.10) associated with either the percentage of ewe lambs attaining puberty before 1 yr of age or the age at attainment of puberty. The exception to this was a weak association (P ¼ 0.013) between age at attainment of puberty and the SNP in the progesterone receptor gene (PGR). Ewe lambs homozygous for this mutation attained puberty on average 2 wk earlier (P , 0.05) than either homozygous wild-type or heterozygous contemporaries. However, this SNP was relatively rare in this population of animals (only 12 ewes that attained puberty were homozygous for the mutation); thus, the potential effect of this SNP on age at attainment of puberty requires further investigation.
Associations Between Mutations in LEPR and Body Weight and Growth Rates
The genotype of ewes was weakly associated (P ¼ 0.027 for SNP A and P ¼ 0.075 for SNP B) with birth weight and strongly associated (P , 0.001 for both SNP A and SNP B) with adult body weight (as assessed at 18 mo of age). Ewes heterozygous or homozygous for the mutation were slightly smaller at birth but reached a larger mature size than their wildtype contemporaries (Table 5 ). The growth rate of lambs to weaning and between weaning and May (i.e., expected age at ASSOCIATION OF SNPs IN LEPR WITH PUBERTY ONSET puberty) was similar among genotypes for most animals ( Table  6 ). The exception to this was a potentially differential effect on ewes born into triplet litters, where ewes homozygous for the mutation at amino acid 62 appeared to have an increased growth weight to weaning.
DISCUSSION
Using a modified candidate gene approach, we have identified nonconservative mutations in the LEPR gene that are strongly associated with a delayed onset of puberty in the Davisdale sheep line. Mutations in LEP or LEPR have been linked to alterations in timing of puberty in other species. In mice, mutations in either the Lep or Lepr gene that result in leptin signaling deficiency are associated with obesity and reproductive failure [20] . Overexpression of leptin results in accelerated puberty and a ''skinny mouse'' phenotype [21] . A mutation in the human LEPR gene that results in a truncated protein that lacks the transmembrane and signaling portions of the protein was associated with an absence of pubertal development [22] . Previous investigations have also identified mutations in LEPR that were linked to differences in age at menarche in humans [23] . However, this mutation was not associated with central precocious puberty in girls [24] , consistent with disruption of the leptin pathway potentially being detrimental to attainment of puberty, as was observed in the present study. Mutations in LEP resulting in leptin deficiency have also been associated with failure to undergo puberty and with obesity [25] , and a rare mutation in LEP hypothesized to increase its bioactivity was associated with a thin body type and delayed puberty [26] . In Merino sheep, higher leptin concentrations were associated with earlier age at first estrus [8] . Similarly, in cattle, expression of LEP mRNA in omental and subcutaneous adipose tissue was greater in age-, weight-, and body condition score-matched heifers that matured early compared with those that matured later [27] .
The SNPs observed in the LEPR gene result in changes to amino acids in the extracellular and intracellular regions of the protein. Using the BLOSUM 62 scoring matrix, the substitution generated by SNP A (arginine to cysteine) is rated À3, with the most severe rating (i.e., for introduction of a premature HALDAR ET AL.
stop codon) being À4. Arginine is a positively charged amino acid, whereas cysteine is polar in nature. In addition, cysteine is important for generation of cysteine knots and disulfide linkages between subunits in some proteins. Disulfide linkages occur in LEPR and are important for its three-dimensional structure and receptor activity [28] . Furthermore, binding of LEP to its receptor induces conformational change of the receptor that involves cysteine at residue 751 and particularly 672 [29] . This conformational change appears important for signaling because mutating the cysteine at residues 672 and 751 resulted in a complete loss of biological activity [29] .
The variation introduced by SNP B (proline to serine), which causes a polar to nonpolar amino acid substitution, is less severely rated using the BLOSUM 62 scoring matrix (À1 rating) than the variation introduced by SNP A. However, the introduced serine changes a potential phosphorylation site from the serine directly preceding it. Using the NetPhos 2.0 Server, the prediction score for the serine at 1018 reduced below the threshold, with the introduced serine having a high prediction score of 0.996. Whether this would alter receptor function is unknown because the potential role of phosphorylation of serine at amino acid 1018, which is highly conserved across a wide range of species, has not been examined to date. Given that the amino acid introduced by SNP C (lysine to glutamic acid) is commonly observed in this residue in other species, it seems unlikely that this alteration would significantly affect receptor function. Confirmation of a disruption of the ability of the mutated receptor to bind to leptin and/or activate the normal second messenger systems for leptin signaling will require further studies examining binding affinity and signal transduction.
Timing of onset of puberty is affected not just by age but also by body size and body fat [8, 11] . Leptin concentration increases during pubertal development in heifers [30] and in sheep [8] , and leptin has been proposed to signal that the critical thresholds for body fat mass have been reached and thus are considered permissive for onset of puberty [10, 31] .
Associations between birth weight and adult body weight and the LEPR mutation were also observed. There was a weak association between the LEPR SNPs and weight of the female lamb at birth, with the ewe lambs being slightly lighter. However, the majority of ewes had similar growth rates and thus reached similar weights during the expected time of puberty. Therefore, it is unlikely that differences in body mass were associated with the delayed puberty.
The association between leptin concentrations and birth weight has been examined in some species. In a meta-analysis [32] of the associations between leptin levels in cord blood in humans and birth weight, a positive correlation was observed, accounting for 22% of the variation in birth weight. However, in sheep, fetal leptin concentrations were inversely correlated to fetal size when comparing normal with intrauterine growthrestricted fetuses [33] . No differences in birth weight were observed in cattle with two different LEPR genotypes [34] . Further studies are needed to determine the role leptin signaling may have in the regulation of birth weight in sheep, particularly given the weak association observed between the SNPs and reduced birth weight in the present study.
Leptin is also known to regulate obesity, and increased body weight observed in adult animals could be driven by increased fat deposition. In pigs, SNPs in the LEPR gene have been associated with differences in body weight [35] and backfat measurements [35, 36] . In cattle, SNPs in LEP have been associated with differences in backfat thickness and carcass fatness [37, 38] .
A field estimation of backfat thickness (i.e., a body condition score) was obtained in a small subset of animals at the time of measurement of weight at 18 mo of age. In these animals, the average body condition score was approximately 5% to 10% greater (P , 0.05) in ewes homozygous for either SNP A or SNP B compared with their wild-type contemporaries. This is consistent with increased level of fat deposition in these animals. However, it is important to recognize that these data are very preliminary in nature and that the association between * The ADG birth (September) to weaning (December) and postweaning to May was adjusted for the size of the litter the lamb was born into (BR) and reared in, as well as the birth weight. An interaction between BR and genotype was observed (P , 0.05 for SNP A and P , 0.10 for SNP B) when analyzing ADG birth to weaning.
x,y Within a column, values not sharing a common letter are different (P , 0.01). The birth weight of the ewe has been adjusted for the size of the litter it was born into, and adult weight was adjusted for the size of the litter it was born into, birth weight, and the size of litter the ewe was reared in. a,b,x,y Within a column, values not sharing a common letter are different ( a,b P , 0.05 and x,y P , 0.01).
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the mutations in the LEPR gene and fat deposition requires further exploration using techniques such as ultrasonographic assessment of backfat thickness or whole-body scanning. It is also important to note that strong associations between SNPs and phenotypes do not prove a causative role for an SNP in the observed phenotype. The observed SNP could be in linkage with the true causative SNP, particularly given the relatedness of the ewes examined because all share a common grandsire. Likewise, many amino acid changes occur that do not result in alterations in protein function. Confirmation of the role of observed genetic variation in the LEPR gene on the traits will require validation of the observed associations in other unrelated sheep, as well as demonstration that the introduced amino acids alter protein function. Additional future work to examine other reproductive traits would also seem warranted.
In summary, SNPs in the coding region of the LEPR gene were strongly associated with age at attainment of puberty in the Davisdale line of sheep. Of particular interest was a mutation that would result in the arginine at position 62 in the extracellular region of LEPR changing to cysteine. This could change the structure of LEPR and potentially alter binding activity. Alternatively, it is possible that the mutation affecting amino acid 1019 (proline to serine) could alter intercellular signaling upon leptin binding to the receptor. Further work is needed to confirm that the observed mutations underlie the delayed-puberty phenotype and, if the association between the SNPs and phenotypes is confirmed, to better understand whether one specific mutation drives the phenotype or if the mutations work in tandem. Ewes homozygous for the identified SNPs may also provide unique insight into physiological mechanisms regulating attainment of puberty.
